The temperature-dependence of the 63 Cu and 127 I NQR spectra of 6;'s(2-picoline) Copper(I) Iodide reveals the existence of a phase change at 250 K. An X-ray crystallographic study of the low-temperature phase reveals that the iodine-bridged dimeric structure, which was observed at room-temperature, is retained in the low temperature phase but that the bond-lengths and, particularly, the bond-angles of the central four-membered ring are considerably modified.
Introduction
Our studies of the 63 ' 65 Cu NQR spectra complexes of monovalent copper have, on a number of occasions, revealed the occurrence both of temperature-dependent phase-changes and of polymorphism. In contrast to the situation in organic compounds, where polymorphism is usually a question only of the packing together of essentially the same molecules, in these complexes the different phases often have notably different molecular geometries and are accompanied by significant changes in 63 Cu NQR frequencies [1, 2] . In order to further our understanding of the factors which determine the 63 Cu NQR frequency in these complexes we have undertaken a systematic study of such phase-changes. We have already reported results for dicoordinated cuprous cations [2] , and report here the results of a study of a four-coordinated neutral complex.
Experimental

Preparations
The three bi's(2-picoline) cuprous halide complexes were prepared according to the method described in h = -9.9; k = -10.10, / = 0.11; co/2 6 scans, no absorption correction. Of the 2188 measured reflections, 1905 considered as observed (|Fo| >4er(Fo)) and used in structure refinement. The structure was solved by direct methods (MULTAN-87) [5] and refined by least-squares analysis with XTAL-2.3 program [6] . Atomic scattering factors and anomalous-dispersion terms are taken from [7] , All coordinates of the H atoms were calculated. Final R factors: R = 0.049, co R = 0.053 (w = l/<7 2 (Fo)). 
Calorimetry
Calorimetric measurements were carried out on a Setaram Model BT 2.15 microcalorimeter at a heating/cooling rate of 0.05 °C per minute. We thank Professor P. Tissot and Ms. H. Lartigue for carrying out these measurements. It is only possible to separate the two terms in this equation by means of Zeeman measurements on large single crystals; this would be a difficult undertaking for the two phases of ((2-picoline) 2 CuI) 2 which are the main subject of this report. However, even for an asymmetry parameter as great as 0.5, its effect on the resonance frequency is negligible compared to that of the coupling constant.
Results
NQR
The temperature-dependence of the 63 Cu NQR frequency of the dimeric, iodine-bridged, complex ((2-picoline) 2 CuI) 2 reveals a phase-transition at 256 K ( Fig. 1) , at which the 63 Cu resonance frequency increases by 0.8 MHz. The corresponding chloride and bromide, which have similar dimeric structures, show no evidence of this transition in the range 77 -300 K, their frequencies varying smoothly in the usual manner with temperature. All these frequencies, together with their temperature dependence expressed as the coefficients of the relationship
are given in Table 1 . The phase transition is also evident from the 127 I spectrum, although in this case the resonances are detectable only in the low-temperature phase (Figure 2) . The abnormal positive temperature coefficient is evidence of a rapidly-increasing amplitude of molecular motion as the transition temperature is approached. We were unfortunately unable to locate the 3/2-5/2 transition owing to a gap in our spectrometer coverage between 65 and 100 MHz; such an observation, by revealing the variation of all three components of the quadrupole coupling tensor, would have enabled a more complete discussion of this motion. 
63-Cu NQR frequencies of
X-ray Crystallography
Atomic coordinates and selected geometrical parameters are reported in Tables 2 and 3 , respectively.
Calorimetric Measurements
On heating from 243 K to 273 K a first-order transition was observed at 257.8 K with an enthalpy change of 0.18 J g -1 , while on cooling over the same range the transition occurred at 254.6 K and an enthalpy change of 0.19 Jg -1 .
Discussion
In the low temperature form the same dimeric structure is present but the central four-membered ring, formed by the two copper atoms and the two bridging iodine atoms, has been compressed along the I-I diagonal so that the CuICu angle increases from 70° to 80° and the Cu-Cu distance increases from 3.083 Ä to 3.452 Ä. Surprisingly, the increase in the ICul angle is accompanied by an increase in the NCuN angle. The Cu-N distances are not measured with a very great precision in either of the two phases and there is no significant difference between them and, although the precision is higher in this case, the same is essentially true for the Cu-I distances.
While its shortcomings are manifest, the partial field-gradient model which has been developed, particularly in the field of Mössbauer spectroscopy, to account for the quadrupole coupling constants of polycoordinated nuclei [8] , shows that, for tetrahedrally-coordinated nuclei such as these, the quadrupole coupling tensor is extremely susceptible to changes in the bond-angles. For tetrahedrally coordinated sites with C 2v symmetry, A 2 B 2 X, this model predicts the following relationship between the bond angles AXA (a) and BXB (ß), the partial quadrupole coupling constants of the two ligands, Approximate values of the partial 63 Cu coupling constants can be obtained from the resonance frequencies [3] of the neutral trigonal planar complexes formed between 2,6-lutidine and the cuprous halides, the monomeric L 2 CuX complexes and the halogenbridged dimers (LCuX) 2 , where the direction of the z-component of the field-gradient tensor is certainly perpendicular to the molecular plane and its value thus independent of the bond-angles. The resonance frequency of these complexes is affected by the bondangles only by their effect on the asymmetry parameter, and in this context the effect can safely be neglected. In this way we obtain 28.2 MHz for the partial 63 Cu coupling constant of the 2,6-lutidine ligand, and for the chloride, bromide and iodide ligands 21.0 MHz, 19.0 MHz and 17.0 MHz, respectively. Table 4 shows the experimental resonance frequencies of these tricoordinated complexes, together with frequencies calculated from the above set of partial 63 Cu coupling constants. It has been assumed that there is no difference between the partial coupling constant produced by a terminal or a bridging halide. This assumption is probably justified within the limits of the partial field-gradient model. Finally, Table 5 shows the predicted components of the 63 Cu quadrupole coupling tensors and the resonance frequencies for the tetrahedral complexes, calculated from the above set of partial 63 Cu coupling constants and the experimentally-determined molecular geometries. It can be seen that these "theoretical" resonance frequencies reproduce all the features of the experimental data: the difference between the high and the low temperature modifications of the iodide and the relative order of the resonance frequencies of the chloride, bromide and iodide. The partial coupling constant model also makes the prediction, as yet untested, that both the direction and the signs of the z-component of the 63 Cu tensor are different in the high and low temperature phases of the iodide. 
Conclusion
The low-temperature phase of ((2-picoline) 2 CuI) 2 has basically the same halogen-bridged dimeric structure as the high-temperature phase but the central four-membered ring has been compressed along the I-I diagonal. The decrease in 63 Cu NQR frequency which accompanies this phase-change can be explained on the basis of a partial coupling constant model together with the observed changes in molecular geometry.
Introduction
We have studied during several years molecular crystals of model solid solutions as to changes in the NQR spectra of the atoms of matrix crystals [1 -4] and changes in the NQR spectra of impurity molecules [5] , A special study was dedicated to a continuous series of solid solutions forming isomorphous crystals.
The interaction of the impurity molecules with the molecules of the matrix lattice allows to "unify" the crystal lattice effect on the impurity spectrum [6] and to study fine differences of the crystal field by introducing small amounts of impurities as probes.
In the present work we deal with the latter problem using solid solutions of tetrahalides of group IV elements.
A comparative study of the 35 C1 and 79 Br NQR spectra of the component substances was carried out previously [7] .
The matrix tetrachlorides crystallize in the structure type (ST) of the monoclinic modification of SnBr 4 (space group P2 1 /c, Z = 4)
1 . The molecules occupy positions which correspond to the quadruplet NQR spectrum (see Table 1 ). The matrix of tetrabromides crystallize both in the monoclinic (ST SnBr 4 ) and cubic modification (ST Snl 4 , space group Pa3, Z = 8) 2 . In the cubic modification the molecules are on the symmetry axes 3 which corresponds to the doublet NQR spectrum with the line intensity ratio 1:3.
Tetrabromides of the group IV elements C, Si, Ge, Sn, and Ti were used as impurities (see Tables 1-3) . Titanium tetrahalides were chosen to compare them with tetrahalides of the nontransitional elements. The impurity amounts in the matrix were 2-5%.
It was of interest to study:
1. Changes in the NQR spectrum of the impurity on introducing it in an alien lattice. 2. NQR frequency shifts depending on the type of the matrix lattice. 3. Character of the mutual positions of spectral lines due to changes in the local symmetry.
Additionally, we tried to clear up how well-reasoned was our assumption concerning the existence of a weak intermolecular coordination element-halogen in the structure of SnBr 4 type and to determine the ratio of the volume-and intramolecular factors in the abnormal temperature dependence of the bromine NQR frequencies in TiBr 4 Table 2 . 79 Br NQR spectra of the impurity molecules of group IV element tetrabromides with SnBr4 type structure (77 K, frequencies in MHz).
Lattice Impurity 4 were studied with an ISSh-2-13 pulsed NQR spectrometer (production of SKB IRE AN SSSR [8] ). In Table 3 .
79 Br NQR spectra of the impurity molecules of the group IV element tetrabromides with Snl4 type structure (77 K, frequencies in MHz).
Lattice Impurity the latter case the accuracy is better than 0.1 K for T and amounts to 3 kHz for v. The accuracy in measuring v at 77 K is determined by the line width and lies in the range of 3-10 kHz.
Preparation of Samples
The melt of both components was quenched by plunging the ampule in liquid nitrogen, which virtually produced the required composition of the crystal [4] . The entering of the impurity molecules into the matrix lattice was recognized by the appearance of the "impurity" satellites in the NQR spectra of the matrix crystals (see Figure 1) .
Br NQR Spectra of Tetrabromides of IV Group Elements in Matrix Lattices of the SnBr 4 Type
As is seen from Table 2 , the 79 Br NQR spectra of the impurity molecules are always quadruples with varying mutual positions of the spectral lines. Thus, in tetrachloride matrices the spectrum of CBr 4 impurity is shifted towards higher frequencies compared to its spectrum in its own lattice (Table 1) Table 4 . Parameters of (1) for EBr4 in EX4 (E = C, Si, Ge, Ti, Sn).
2-11,33
240,52 Fig. 1 . 79 Br NQR spectrum of a GeBr4 matrix (ST Snl4) with 5 mol% SnBr4 impurity. The "impurity" satellite lines are indicated by arrows. The parameters of (1) are listed in Table 4 . The behavior of the 7 9 Br frequencies for solid solutions of SiBr 4 and GeBr 4 in tetrachlorides is also well described by an equation of type (1) . The TiBr 4 spectra in SiCl 4 and GeCl 4 lattices are inverted: The single line is at a higher frequency than the triplet. The latter shift agrees with well known regularities of NQR frequency shifts for coordinated atoms [12, 13] . Namely, NQR spectral lines, shifted to the lower frequencies, correspond to halogen atoms participating in the coordination with nontransitional elements, while participation of a halogen atom in coordination with a transitional element results in a shift to higher frequencies.
Unfortunately, only in the SiCl 4 matrix lattice we could succeed in obtaining the 79 Br NQR spectrum of SnBr 4 . Our studies of tetrabromide impurities in tetrabromide lattices were also fragmentary. Therefore for the latter we could only roughly estimate the parameters of (1), as well as those of TiBr 4 (see Table 4 ).
Br NQR Spectra of Tetrabromides of IV Group Elements in Matrix Lattices of the Snl 4 Type
In the SiBr 4 , GeBr 4 and TiBr 4 3 matrix lattices, characteristic doublet spectra of 79 Br with the line intensity ratio 1:3 were observed (see Table 3 ). The weak and strong lines sometimes changed their places.
The temperature dependence of the bromine NQR frequencies in the cubic phase (III) of TiBr 4 is of par-3 According to [9] there are three polymorphous modifications of TiBr4. Two of them, studied by X-ray method, belong to the ST II [10] and III [11] . The structure of the third, birefringent, modification, has not been established. As is seen from Tables 2 and 3, the 79 Br NQR spectra of SiBr4 in the TiBr4 matrix lattice correspond to the crystal matrices of type II and III. The phase transition in TiBr4 occurs much more easily than that in GeBr4. The temperature dependence of the 81 Br NQR frequencies of TiBr 4 in its own lattice [13] and as small impurity in a SiBr 4 lattice in the range 77-270 K are represented in Figure 3 . In the latter case the abnormal temperature dependence of bromine NQR frequencies is retained which serves as unambiguous evidence for the determining role of the intramolecular factor.
An additional evidence is the normal temperature dependence of the Br NQR frequencies of SiBr 4 in the TiBr 4 matrix (the temperature dependence of the 79 Br NQR frequency of SiBr 4 in its own lattice is also normal).
Results and Discussion
The 79 Br NQR spectra of the impurities in monoclinic lattices are mostly similar to that of the matrix crystals. Sometimes, however, a pair of lines in the distant triplet coalesces, which indicates a local symmetry increase in the nearest environment of the impurity molecule introduced into the tetrachloride lattice.
Changes in the close packing coefficient in lattices of the same type must evidently follow the law of the inverse cube distance from atoms of the nearest environment. Therefore, comparison of NQR frequency changes for the impurity molecule, used as "probes" in various similar matrices, with the formal close packing coefficients characteristic of each matrix lattice can serve as a measure of spectral shift changes caused by the crystal field. Here, by the formal close packing coefficient we mean K = V mol /V u ™, where V mol is the volume of the impurity molecule, and V u ™ is the volume allotted for one molecule in the matrix crystal unit cell (see Table 5 ). The matrix lattice and the impurity molecule are assumed to be rigid. The dependence of the average frequency of the high frequency triplet and that of the low frequency line of K for CBr 4 impurity in the tetrachloride lattices are seen in Figure 4 . We define (see Table 6 )
It is clearly seen that the average frequency of the triplet is inversely proportional to K, which entirely corresponds to what was earlier observed for molecular crystals [4] , It should be assumed that extrapola- Table 6 . Parameters of (2) for EBr4 in EX4 (E = C, Si, Ge, Ti, Sn). Table 7 ).
Conclusions
1.
For the solid solutions of tetrabromides EBr 4 (E = C, Si, Ge, Ti, Sn), if the latter enter as small impurities the matrix crystal lattices EX 4 (E = Si, Ge, Ti, Sn; X = C1, Br) the 79 Br NQR spectrum of the impurity is always similar to that of the matrix. In the monoclinic phase this similarity can be violated if the local symmetry of the environment of the impurity molecules is changed and becomes higher than the matrix lattice symmetry. Thus, for the cases I 4 , II 6 , II 2 , II 4 , IV 1? IV 2 , III 2 (see Table 2 ), the 79 Br spectra of the impurity correspond to the symmetry 2 or m.
2. The totality of experimental fact points to the existence of a weak intermolecular coordination interaction of the central atom of the matrix molecule with one of the bromine atoms of the impurity molecule in the monoclinic phase.
3. As observed previously [4, 5] , there is a linear dependence between the frequency shifts of the impurity molecules introduced into crystal matrices EC1 4 and EBr 4 (2 separate dependences) and the formal close packing coefficients defined for a rigid crystal lattice and impuritiy molecule.
4. The abnormal temperature dependence of the 79,8i Br N q R frequencies of TiBr 4 in the SiBr 4 lattice (as well as that in its own lattice) is shown to be determined by intramolecular factors.
